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The NADH:ubiquinone oxidoreductase couples the electron transfer from NADH to ubiquinone with
the translocation of protons across the membrane. It contains a 110 Å long helix running parallel to
the membrane part of the complex. Deletion of the helix resulted in a reduced H+/e stoichiometry
indicating its direct involvement in proton translocation. Here, we show that the mutation of the
conserved amino acid D563L, which is part of the horizontal helix of the Escherichia coli complex
I, leads to a reduced H+/e stoichiometry. It is discussed that this residue is involved in transferring
protons to the membranous proton translocation site.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The proton-pumping NADH:ubiquinone oxidoreductase, also
referred to as respiratory complex I, is the main entrance of elec-
trons into the respiratory chains of most eukaryotes and many
bacteria. It couples the transfer of two electrons from NADH to ubi-
quinone with the translocation of four protons across the mem-
brane, thus, contributing to a proton gradient which is used for
energy consuming processes [1–6].
The bacterial complex is generally built up by 14 different sub-
units that are named NuoA–N (or Nqo1–14). Homologs of the 14
subunits are present in the known complex I from various species.
Therefore, the bacterial complex is regarded as a structural mini-
mal form of an energy-converting NADH:ubiquinone oxidoreduc-
tase [7–10]. Electron microscopy revealed the L-shaped form of
the complex with a peripheral arm extending into the aqueous
compartment and a membrane arm located in the lipid bilayer
[11,12]. The peripheral arm contains the NADH binding site and
all known cofactors, while proton translocation has to take place
in the membrane arm. The ubiquinone-binding site is proposed
to be located at the interface of the two arms [13–16]. The bipartitechemical Societies. Published by E
yacridine; Complex I, proton-
-morpholino)-ethanesulfonic
.
(T. Friedrich).structure of the complex was also demonstrated by the recently
published X-ray structures of the complex from Thermus thermo-
philus and Yarrowia lipolytica [17,18].
From the X-ray structure a reasonable route for the electron
pathway from NADH via a chain of iron–sulfur clusters to the pro-
posed ubiquinone-binding site was deduced [19,20]. Most interest-
ingly, the membrane arm contains the subunits NuoL, M and N,
which are homologs of monovalent cation/H+ antiporters [21–
23]. The antiporter-like subunits are located at the distal end of
the membrane arm [17] and it is reasonable to assume that they
are involved in proton translocation. Each of them consists of 14
transmembranous (TM) helices including two discontinuous ones
that contain a loop within the membrane. It was proposed that this
type of helix plays an essential role in ion translocation by anti-
porters [24]. In addition, the structure of the bacterial complex
revealed the presence of a 110 Å long horizontal helix, which is
the C-terminal part of NuoL. It is running parallel to almost the en-
tire membrane arm and is anchored within the membrane on both
ends by two TM helices not present in the homologous subunits
NuoM and N. The same structural element was found in the mito-
chondrial complex I with a length of 60 Å [18].
Based on the structure of the T. thermophilus complex I, Efremov
et al. [17] proposed that by an unknown mechanism, the electron
transfer reaction induces a piston-like movement of the horizontal
helix leading to an opening and closing of proton translocation
channels in the antiporter-like subunits NuoL, M and N. We deter-
mined experimentally that the deletion of subunit NuoL or thelsevier B.V. All rights reserved.
Fig. 1. Sequence alignments of NuoL from several species. Residues D542, D546 and D563 (numbers refer to the E. coli sequence) are highlighted in red. NuoL sequences from
the following organisms were used (UniParc accession numbers are given in brackets): Escherichia coli (P33607), Salmonella typhi (Q8Z528), Klebsiella pneumoniae (B5XNW4),
Yersinia pestis (Q7CJ86), Pseudomonas aeruginosa (Q9I0J1), Methylococcus capsulatus (Q608Y7), Deinococcus radiodurans (Q9RU98), Geobacter sulfurreducens (Q74G97),
Rhodothermus marinus (G2SEZ7), Myobacterium tuberculosis (O86350), Streptomyces coelicolor (Q9XAR5), Paracoccus denitriﬁcans (P29924), Rhodobacter capsulatus (P50939),
Rickettsia prowazekii (Q9ZCG1), Aquifex aeolicus (O67340), Bos taurus (P03920), Sus scrofa (Q9TDR1), Canis lupus (Q1HK80), Loxodonta africana (Q9TA19), Homo sapiens
(P03915), Mus musculus (P03921), Gallus gallus (P18940), Xenopus laevis (P03922), Danio rerio (Q9MIY0), Beta vulgaris (Q9MF46), Nicotiana tabacum (Q5M9Z2), Triticum
aestivum (Q332N5), Arabidopsis thaliana (P29388), Aurelia aurita (Q06LF4), Yarrowia lipolytica (Q9B6D3), Pichia pastoris (E1UWC6), Neurospora crassa (P05510), Drosophila
melanogaster (P18932), Caenorhabditis elegans (Q65Z29), Acyrthosiphon pisum (B7TYC0), Cooperia oncophora (Q85HP6).
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stoichiometry [25] demonstrating the functional importance of
the horizontal helix for proton translocation. Here, we asked
whether speciﬁc amino acid residues of the horizontal helix are
needed for its function. As charged residues may be involved in
proton translocation, we mutated position D542L conserved in bac-
teria, D546L conserved in most bacteria and the position D563L
conserved in bacteria and eukaryotes (Fig. 1). The variants were
produced, puriﬁed and reconstituted in proteoliposomes. While
the H+/e stoichiometry of the D542N and D546N variants were
unchanged compared to that of complex I, the D563N variant
showed a slightly but signiﬁcantly reduced H+/e stoichiometry,
indicating the functional role of this residue for proton pumping
in Escherichia coli complex I.
2. Materials and methods
2.1. Materials and strains
A derivative from E. coli strain BW25113 fromwhich the nuo op-
eron had been deleted by genomic replacement methods (M.
Vranas and T. Friedrich, unpublished results) was used for over-
expression. In addition, E. coli strains DH5a (Invitrogen) [26] and
DH5aDnuo [27] and plasmids pKD46 [28], pETBlue-1 (Novagen),
pBADnuoHis [29] and pBADnuoHis nuoL::nptIsacRB [25] were used
in this study (Tables S1 and S2, Supplementarymaterial). Ampicillin
(100 lg/ml), chloramphenicol (170 lg/ml) and kanamycin (50 lg/
ml) were supplemented when required. All enzymes were obtainedfrom Fermentas (St. Leon-Roth, Germany) and all DNA oligonucleo-
tides from MWG Operon (Ebersberg, Germany; Tables S3 and S4,
Supplementary material).
2.2. Sequence alignments
Alignments were performed using ClustalX 2.1 at http://
www.clustal.org/clustal2 [30]. The penalties for opening and
extending gaps were slightly raised compared to the default
values. In the pairwise alignments the costs for gap opening were
15 and 1 for gap extension. These values were 15 and 2 for the
multiple alignments, respectively.
2.3. Site-directed mutagenesis
Plasmid pETBlue-1 was used to create pETBlue K_nuoL_M con-
taining nuoL ﬂanked by parts of nuoK and the intergenic region
between nuoL and nuoM. A linear fragment was ampliﬁed from
pBADnuoHis using the primer pair NheI_nuoK_fwd and SmaI_-
nuoM_rev (Table S3, Supplementarymaterial). After restrictionwith
NheI and SmaI, the fragment was ligated into the plasmid. The con-
struct pETBlue K_nuoL_M was used to introduce mutations in nuoL.
Primer pairs nuoL_D542N, nuoL_D546N, nuoL_D56N, nuoL_D563E,
nuoL_D563Q and nuoL_D563A (Table S4, Supplementary material)
were used to create the plasmids pETBlue K_nuoLD542N_M, pET-
Blue K_nuoLD546N_M, pETBlue K_nuoLD563N_M, pETBlue K_nuoL-
D563E_M, pETBlue K_nuoLD563Q_M and pETBlue K_nuoLD
563A_M.
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The mutated versions of nuoL were introduced into plasmid
pBADnuoHis nuoL::nptIsacRB [25]. The nptIsacRB cartridge was re-
placed by the mutated versions of nuoL by k-Red mediated recom-
bination. For this purpose, a linear DNA fragment was ampliﬁed
from pETBlue K_nuoL_M carrying the corresponding mutation on
nuoL with the primer pair nuoK_fwd and nuoM_rev (Table S3, Sup-
plementary material). Electrocompetent DH5aDnuo/pKD46 cells
were prepared and transformed as previously described [27]. Fifty
microliters of electrocompetent cells were mixed with 50 ng of
pBADnuoHis nuoL::nptIsacRB and 100–300 ng of the linear DNA
fragment. Recombinants were selected on YP agar supplemented
with chloramphenicol and 10% (w/v) sucrose at 30 C. Plasmids
from CamR and SucR clones were isolated. All mutations were con-
ﬁrmed by DNA sequencing (GATC Biotech AG, Konstanz, Germany).
2.5. Isolation of complex I and the variants
The complex and its variants were isolated as previously de-
scribed [25,29]. Membrane proteins were extracted with n-dode-
cyl-b-D-maltopyranoside (DDM, AppliChem) and separated by
anion exchange chromatography on Fractogel EMD TMAE Hicap
(Merck). Fractions with NADH/ferricyanide oxidoreductase activity
were pooled and applied to afﬁnity chromatography on Probond
Ni-IDA (Invitrogen). Bound proteins were eluted with an imidazole
step gradient. Peak fractions with NADH/ferricyanide oxidoreduc-
tase activity were pooled and concentrated (Amicon Ultra-15, Mil-
lipore, 100 kDa MWCO). A typical course of a preparation is given
in the Supplementary material (Fig. S1; Tables S5–S11).
2.6. Electron transfer activity
The physiological NADH:decyl-ubiquinone oxidoreductase
activity of the preparations was determined by monitoring the de-
crease of the NADH concentration at 340 nm using an e of
6.3 mM1 cm1 (TIDAS II, J&M) [31]. The preparations were recon-
stituted in proteoliposomes as previously described [25,31]. Five
microliters of proteoliposomes containing 6.25 lg protein were
added to the assay buffer (5 mM MES/NaOH, pH 6.0, 50 mM KCl,
2 mMMgCl2) at 25 C. 50 lM decyl-ubiquinone (Sigma) was added
and the assay was incubated for 1 min before the reaction was
started by the addition of 150 lM NADH (Roth).
2.7. Proton translocation activity
The generation of a proton gradient was measured by monitor-
ing the ﬂuorescence quenching of 9-amino-6-chloro-2-methoxy-
acridine (ACMA, Sigma) as previously described [25]. 5lL of prote-
oliposomes with 6.25 lg protein, 50 lM decyl-ubiquinone and
0.2 lM ACMA were added to the assay buffer (5 mM MES/NaOH,
pH 6.0, 50 mM KCl, 2 mM MgCl2) at 25 C and incubated for
1 min. The reaction was started by the addition of 150 lM NADH.
Fluorescence was detected with an LS 45 luminescence spectrom-
eter (Perkin-Elmer) at an excitation wavelength of 430 nm and an
emission wavelength of 480 nm.
2.8. Other analytical procedures
NADH/ferricyanide oxidoreductase activity was measured by
monitoring the decrease in absorbance at 410 nm using an e of
1 mM1 cm1 (Ultrospec 1100 pro, Pharmacia) [32]. The assay buf-
fer (50 mM MES/NaOH, pH 6.0, 50 mM NaCl) was supplemented
with 0.2 mM NADH at room temperature. The reaction was started
by adding 5 lL of the protein sample. Protein concentrations weredetermined by the biuret method using BSA as standard. The pro-
tein concentration of the preparations was determined by the
absorbance at 280 nm minus that at 310 nm (TIDAS II, J&M) using
an e of 763 mM1 cm1 as derived from the amino acid sequence
[33].
3. Results and discussion
3.1. Identiﬁcation of conserved acidic residues on NuoL
It was reported that there is no apparent conservation in the se-
quence of the horizontal helix [34,35], while other groups indi-
cated that there are a few reasonably conserved residues [36]. To
identify candidate amino acids we aligned separately the se-
quences of NuoL homologs from bacteria and eukaryotes and then
aligned the two resulting ﬁles in a second step (Fig. 1). The align-
ment revealed two aspartic acid residues on the horizontal helix,
D542 and D546, which are conserved in most bacteria and one res-
idue, D563, which is conserved in all species (numbering according
to the E. coli sequence). In a few species, D563 is conservatively re-
placed by a glutamic acid residue (Fig. 1). The structure of the
membrane arm of the E. coli complex I [34] revealed that D542
and D546 are located close to the broken helix of NuoL, while
D563 is in close proximity of the broken helix of NuoM (Fig. 2).
Since these residues are capable of catalyzing proton-transfer reac-
tions and, thus, may be involved in proton translocation, these
positions were mutated and the H+/e stoichiometry of the isolated
variants was determined.
3.2. Generation of mutants
The 21 kb expression plasmid pBADnuoHis containing all E. coli
nuo-genes is too large for site-directed mutagenesis. Therefore, a
5 kb subclone pETBlue K_nuoL_M containing nuoL ﬂanked by parts
of nuoK and the intergenic region between nuoL and nuoMwas cre-
ated by amplifying a linear DNA fragment from pBADnuoHis with
the primer pair NheI_nuoK_fwd and SmaI_nuoM_rev creating
restriction sites for NheI and SmaI at the 50- and the 30-end, respec-
tively. After restriction, the linear fragment was ligated into the
plasmid pETBlue-1 creating subclone pETBlue K_nuoL_M. Point
mutations on nuoL were introduced into the subclone and linear
DNA fragments with homologous regions to the target plasmid
pBADnuoHis nuoL::nptIsacRB needed for k-Red mediated recombi-
nation were ampliﬁed. The nptIsacRB selection cartridge on pBAD-
nuoHis nuoL::nptIsacRB was replaced by the linear DNA fragment
containing the mutated version of nuoL by k-Red mediated recom-
bination. To prevent recombination with the chromosomal nuo-
genes, the chromosomal deletion strain DH5aDnuo was used for
recombineering. The aspartic acids D542 and D546 were changed
to asparagine residues, while the aspartic acid D563 was replaced
by an asparagine, a glutamic acid, a glutamine or an alanine resi-
due. The expression strain BW25113Dnuo was transformed with
the expression plasmids ensuring that only the episomally en-
coded complex I was produced.
3.3. Isolation of complex I and the variants
The complex and the variants were isolated from the corre-
sponding overproduction strains by anion exchange and afﬁnity
chromatography. The protein eluted at 290 mM NaCl from the an-
ion exchange and at 380 mM imidazole from the afﬁnity column.
From 30–35 g of cells, 2.5–5 mg of protein was obtained (Fig. S1
and Tables S5–S11, Supplementary material). SDS–PAGE were vir-
tually identical to those reported previously [25] and revealed the
presence of all complex I subunits in the preparations.
Fig. 2. Position of aspartic acid residues investigated in this study in the horizontal helix of NuoL. The top view of the membrane arm of the E. coli complex I (PDB entry 3RKO)
is shown. Subunits NuoL (cyan), NuoM (yellow), NuoN (red), NuoA (gray), NuoJ (white) and NuoK (black) are colored as indicated. Discontinuous helices of NuoL and NuoM







 Δ = 10 %
Fig. 3. Generation of a proton gradient monitored by the quench of the ACMA
ﬂuorescence. The signals of proteoliposomes containing complex I (black) and the
D563NL variant (blue) are shown. The signal of the DNuoL variant (red) [25] is
shown for direct comparison. Arrows indicate the addition of NADH and CCCP.
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The NADH:decyl-ubiquinone oxidoreductase activity and the
proton translocation activity of the complex and the variants
D542NL, D546NL and D563NL was measured after reconstitution
of the preparations in proteoliposomes. In total, 80–90% of the pro-
tein was incorporated in the proteoliposomes for all preparations.
The orientation of the reconstituted protein was determined by
measuring the NADH/ferricyanide oxidoreductase activity of the
proteoliposomes before and after the addition of 0.5% DDM. It
turned out that 50–70% of the proteoliposomes contained the pro-
teins in the right-side-out orientation. Aliquots from the same
preparation of proteoliposomes were used for measuring both
electron transfer and proton translocation activity. Since the prep-
arations were obtained from identical protocols under identical
conditions using the same buffers and chemicals, it is assumed that
the error in measuring the electron transfer rate and pH gradient is
similar in all samples. Measuring the ACMA ﬂuorescence quench-
ing allows only a qualitative interpretation of the proton transloca-
tion activity. The ratio of electron transfer and proton translocation
activity representing the H+/e stoichiometry of the various prep-
arations was compared. It is generally accepted that the H+/e stoi-
chiometry of the complex is 2 [37–39].
The electron transfer and proton translocation activity were
both measured in presence of 50 lM decyl-ubiquinone and
150 lM NADH (Fig. 3, Table 1). The ratio of proton translocation
to electron transfer activity of the D563NL variant was reduced
by approximately one fourth compared to that of the complex cor-
responding to a stoichiometry of approximately 3H+/2e (Table 1).
Therefore, this position was mutated to other amino acids. Similar
stoichiometries were obtained with the D563QL, the D563AL and
the D563EL variants (Table 1), indicating that D563L is involved
in proton translocation. The reduced H+/2e ratio of the D563EL
variant demonstrated not only that the presence of an acidic resi-
due is required for proton translocation but also that the length of
the side chain is essential. Thus, the horizontal helix seems not to
be sufﬁciently ﬂexible at this position to compensate for the longer
side chain of the glutamic acid residue. The position of D563 close
to the broken helix of NuoMmight indicate its role in transferring a
proton to the antiporter-like subunit. The quench of the ACMAsignal by this variant is signiﬁcantly less than that of the complex
but it is larger than that by theDNuoL variant (Fig. 3). Although the
measurement of the ACMA signal gives only a qualitative measure,
the data ﬁt in with the model of two protons translocated by the
membrane arm with one proton at the subunits NuoL and NuoM,
each [25]. The two other protons might be translocated by the qui-
none chemistry possibly involving the proposed proton pathway
made up by the membranous subunits NuoN, K and J [34]. In agree-
ment with our data it was reported that an insertion of six or seven
amino acids C-terminal to P552L leads to a reduced proton translo-
cation efﬁciency [36]. These mutations might change the position
of D563L relative to the membrane arm and, thus, prevent proton
translocation at this site.
The variants D542NL and D546NL both showed virtually the
same H+/2e stoichiometry as the complex (Table 1) indicating that
neither of the two residues participates in proton translocation by
Table 1
NADH:decyl-ubiquinone oxidoreductase and proton translocation activity of complex I and several NuoL variants reconstituted in proteoliposomes. The number of preparations
used for the determination of the experimental values is given in brackets. The H+/2e stoichiometry of 4 for the complex is the generally accepted value.
Proteoliposomes
containing
NADH:ubiquinone oxidoreductase activity (lmol min1 mg1) ACMA ﬂuorescence quenching (%) H+/2e
stoichiometry
Reference
Complex I 1.6 ± 0.2 (3) 39 ± 5 (3) 4 This study
D542NL 1.3 ± 0.2 (2) 30 ± 5 (2) 3.8 This study
D546NL 1.5 ± 0.2 (2) 35 ± 5 (2) 3.9 This study
D563NL 1.2 ± 0.2 (4) 19 ± 4 (4) 2.6 This study
D563EL 1.7 ± 0.3 (4) 29 ± 5 (4) 2.8 This study
D563QL 1.3 ± 0.2 (2) 22 ± 3 (2) 2.8 This study
D563AL 1.9 ± 0.3 (3) 32 ± 4 (3) 2.8 This study
DNuoL 1.2 ± 0.2 (5) 18 ± 3 (5) 2.2 [25]
S. Steimle et al. / FEBS Letters 586 (2012) 699–704 703themembrane arm. The activity of the D542NLmutation is in accor-
dance with data in the literature [36]. The sequence alignment re-
vealed no other conserved acidic amino acid residue on the
horizontal helix in close proximity of the broken helix of NuoL
(Fig. 1). We therefore speculate that the broken helices are con-
nected to a hydrogen bond network on the cytoplasmic side of
the membrane arm that is needed to transport protons into trans-
location channels. However, the residues that are part of the pro-
posed hydrogen bond network transferring the protons to the
translocation sites may not necessarily be conserved and, thus,
may differ between organisms.
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